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Phases of Dense Matter in Neutron Stars
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Transient Phenomena in Neutron Stars

® Crustal heating and subsequent thermal
relaxation in accreting neutron stars.

® Excitation of shear modes during magnetar
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States of an Accreting Neutron Star
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Transiently Accreting NSs

SXRTs: High accretion followed by periods of quiescence

TR Nuclear reactions
- " release: ~
rust
|.5 MeV / nucleon

Deep crustal heating.

Warms up old neutron stars



Transiently Accreting NSs

SXRTs: High accretion followed by periods of quiescence

Nuclear reactions

Crust accretion 1988-2000
|.5 MeV / nucleon

Deep crustal heating.

Warms up old neutron stars

Image credit: NASA/CXC/Wijnands et al.



Accretion Induced Heating

Temperature profile

depends on:

eaccretion rate and
duration.

|ocation of heat
sources.

*thermal
conductivity

*specific heat.

ecore temperature

Page & Reddy (2012,2013)
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Accretion Induced Heating

Temperature profile

depends on:

eaccretion rate and
duration.

|ocation of heat
sources.

*thermal
conductivity

*specific heat.

ecore temperature

Page & Reddy (2012,2013)
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Crust Cooling

Watching NSs immediately after accretion ceases !
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Crust Cooling

Watching NSs immediately after accretion ceases !

5x10~13
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Observations:
All known Quasi-persistent sources with post outburst cooling

*After a period of intense
accretion the neutron star
surface cools on a time
scale of years.

*This relaxation was first
discovered in 2001 and 6
sources have been studied
to date.

*Expected rate of
detecting new sources
~ 1/year.
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Connecting to Crust Microphysics
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Connecting to Crust Microphysics
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Connecting to Crust Microphysics
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Explosions on Magnetars: Giant Flares

Known magnetar candidates Anomalous X-Ray Pulsars (10)
T T T Soft Gamma Repeaters (8)

| Inferred to have surface fields
/ of the order of 10'> Gauss.

S5 N ,,;/ http://www.physics.mcgill.ca/~pulsar/magnetar/main.html

-

SGRs exhibit powerful outburst ~ 10 ergs/s

Hurley etal (2005) —  — —  |SGR0525-66 : (1979)
P et coomnosomon o |SGR 1806-20  (1979/1986/2004)
10° 7 peak G |SGR 1900+14 (1979/1986/1998)
Lo il AN\ G : S Lol SGR1627_41 (1998)
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http://www.physics.mcgill.ca/~pulsar/magnetar/main.html

QPOs are likely to be shear modes in the solid crust
Duncan (1998), Strohmayer, Watts (2006)
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QPOs are likely to be shear modes in the solid crust
Duncan (1998), Strohmayer, Watts (2006)

1E-I-05: | T | T | ]
E 720,976, 2384 H7 <=t <+ |840 Hz E @A R
625 HZ tm wm o oo o o o o o e e 150 Hz : é wn:]_ ~
T o T TR Tt ) R gt
< » )9 Hz 2 @
10000 < > 18,26 Hz | —
; h MH“MM :
S V L a : Shear
1000y J | Jj | E mode
| L - R
\ V/J J velocity
] J‘“ ﬁ 1
" | | . Similar frequencies
0 100 | 200 300 .
Time 5 observed in 2 sources.
SGR 806

2004 Giant Flare



Neutron Star Crust: Depth (km)
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Cooper Pairing

Attractive interactions destabilize the Fermi surface:

k2
H = Z (2m ,u) a;sakvs 49 Z aJILJrq,sa;r?—q,sak»Sap»S
k,s=T,l k,p,q,5=T,|
A = glagpap,)) AT :9<a};,Ta;,¢>

Cooper pairs leads to
superfluidity

Energy gap for fermions:

B() = |/ (2 — 12+ A7

New collective mode:
Superfluid Phonon




A Frozen (Vanilla) Neutron Star

Solid

Solid + Supem 12 km

| 1.5 km
1S, :
’ n\ /Superfluid + 10 kmm

Superconductor

SPQITL .
So 1 p

?

The nucleon degree of freedom may be frozen
everywhere in a cold neutron star !



A Frozen (Vanilla) Neutron Star

The nucleon degree of freedom may be frozen
everywhere in a cold neutron star !



Transport properties dominated by

® Outer crust: Electrons and lattice phonons.

® |nner crust: Electrons, lattice phonons and
superfluid phonons.

® Core: Electrons, superfluid phonons, and
angulons (Goldstone bosons associated with
breaking rotational symmetry).

This is good news. Describing low energy properties of
dense Fermi liquids is hard ! Low energy theory of
phonons is simpler.
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Microscopic Structure of the Crust
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Electrons are (nearly) free

-

* Electrons are dense,degenerate and relativistic.
Ne = 4 NJ kpe = Epe >~ 25 — 75 MeV > m,

|

-

*Band gaps are small and restricted to small patches in
the Fermi surface.

*Pairing energy is negligible.

- v
T, ~w,” exp< Fe> ~ ()

em




Separation of Scales
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Relevant Temperature Scales in the Crust
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Relevant Temperature Scales in the Crust
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Accreting and Magnetized

Neutron Stars
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Low Energy Theory of Phonons

neutrons neutrons

protons protons

Proton (clusters) move collectively on lattice sites.
Displacement is a good coordinate.

Neutron superfluid: Goldstone excitation is the phase
of the condensate.



Low Energy Theory of Phonons

neutrons neutrons

protons protons

>

A (gi(xa Y, Z)

Proton (clusters) move collectively on lattice sites.
Displacement is a good coordinate.

Neutron superfluid: Goldstone excitation is the phase
of the condensate.



Low Energy Theory of Phonons

neutrons neutrons

protons protons

BT S >
5@' (QIZ, Y5 Z)

Proton (clusters) move collectively on lattice sites.

Displacement is a good coordinate.

Neutron superfluid: Goldstone excitation is the phase

of the condensate.
| A/coarse-grain”
(W1 (r)py(r)) = |A] exp (=21 0)

Collective
coordinates:




Symmetries & Derivative Expansion

The low energy §a:1"3(r,t) BN gazl..S(r’t) 4 qo=1.3
theory must respect

symmetries of the ¢(r,t) — o(r,t) + 6

underlying

Hamiltonian

Only derivative terms are allowed. Lagrangian density for the phonon
system with cubic symmetry:

2 2 £2
= ff(aoqb)Q - U¢2f¢ (9:6) + 500€" 008" - iu(gabm

=5 D (0uE"0E") + GuinSsv/P O0PDul” + -+

a=1..3

L

L (0aE) (@)

where % = (9,6"+06€?) — 20,60
T Cirigliano, Reddy, Sharma 201 |



ldentifying the Low Energy Constants

* | ECs must be related to thermodynamic properties.

* Each gradient produces a unique deformation of the
ground state.

* The energy cost associated with these (small)
deformations provide the LECs.

For a rigorous derivation of LECs in terms of

thermodynamic derivatives see arXiv:|1102.5379
Cirigliano, Reddy, Sharma 201 |



Protons:
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Inner Crust EFT
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Inner Crust EFT

Protons:
1 1 1
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Neutrons:  (y1(r)y(r)) = |A] exp (—2i 0)

Oy,
Ground-state Fluctuations (Superfluid Phonons)

Lo(Xo) = P(pn) Xo = (0u0 + Ap) (0" 9 + A*)

Son & Wingate (2006)



Coupling Neutrons and Protons.
(or the superfluid and the lattice)

Ly, = P(pn) A

0P

I au

n

0 [y,

1 O°*P
Sus -+ ...
2 Oy, Oy, Hin

J

Gibbs-Duhem Relation:

Velocities and current-
current coupling :
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Un —

0 [y,

Oy, = Enp 0y 4 Eppony,
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density-density interaction
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Coupling Neutrons and Protons.
(or the superfluid and the lattice)

% 7 .

\ J

Oy, = Enp 0y 4 Eppony,
Gibbs-Duhem Relation: Spin = —0yd — Bupnydit
1

density-density interaction

Velocities and current- (0;9)% 1 L o
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urrent coupling :

2m 2
t

current-current interaction

L 0 ,
¢ Up = 8155&

Un —




The Coupled System

1 1 1
En-l-p — 5(8t¢) — 508 ( z¢) (8t€@)2 — 2( —q ) (a 51)2
+g&¢&&+w@¢@@
K+4u,/3
Velocities : V2 = &) ¢ = +4ps/
mXn m(’np -+ ’nb)

Entrainment: protons Bound neutrons: np = Y Ty,
drag neutrons. Free neutrons: nf = n, (1 —7)

Longitudinal lattice phonons and superfluid phonons are coupled:

g=n, E \/ Xn 5 = —Nyp Vs
p Hnp m(np + nb) \/(np -+ nb)nf




The Coupled System

1 1 1
En-l-p — 5(8t¢) — 508 ( z¢) (8t€@)2 — 2( —q ) (a 51)2
+g&¢&&+w@¢@@
K+4u,/3
Velocities : V2 = &) ¢ = +4ps/
mXn m(’np -+ ’nb)

Entrainment: protons Bound neutrons: np = Y Ty,
drag neutrons. Free neutrons: nf = n, (1 —7)

Longitudinal lattice phonons and superfluid phonons are coupled:

- —Tlp Ug

p Lnp \/m(np + np) \/(np—l—nb)nf

Transverse lattice phonons:

1 2 Hs

1 2 2 2 —
Lo=5(0&)" = 5¢ (0 +0;&)° = 47 iy )




Low energy constants

Thermodynamic 92 2 2

Derivatives:



Phonon mixing and drag

Lsph—1Ph = g Oo@ 0:&; + 7 0;0 0pé;
e e

density-density interaction: |\velocity-velocity interaction:
Np Vg ony, n’ vy
fy —
b
Vg (np +njy) Onp Vg (g +n)

g:




Entrainment

Chamel (2005)
Carter, Chamel & Haensel (2006)

n’ # number of “bound” neutrons.

Bragg scattering off the lattice is important.

A=N+Z

m
ne = Viep|dS
" 24m3h° ;/F Vicak

b C
n, =nny, —n,



Entrainment

Chamel (2005)
Carter, Chamel & Haensel (2006)

n’ # number of “bound” neutrons.

Bragg scattering off the lattice is important.

A=N+Z

neutron single-particle energy

\
c __ m (@)
R YRETE ;/F Vicosldd

b C
n, =nny, —n,

Complex interplay of nuclear and band structure effects.
The nuclear surface and disorder are likely to play a role.

Longitudinal lattice phonons and superfluid phonons are strongly
coupled by entrainment.
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Transport: Thermal Conduction

> 0000000000 AVAVAVAVAVAVAV:
1 O \ E(p)=p w(p)=cp w(p) = v p
R =— — X UV X
3 v lattice superfluid
electrons

\ phonons phonons
e Dissipative processes: »~ °°°°°°°E<l |

® Umbklapp is important:

- N\ 1/3
e = (—) > 1
qD 2

Electron Bragg scatters and emits a transverse phonon. Flowers & Itoh (1976)




Superfluid Conduction

. . ] Photographs: JF Allen and JMG Armitage (St Andrews University 1982).
Its impossible to sustain a

temperature gradient in
bulk superfluid helium !

—

Q = SEPTE

G(sPh) _ 1 (sPh) _ 27 73 T>T
3 15 ¢ C

Two fluid model: Counter-flow transports heat.
(Its the superfluid phonon fluid)

The velocity is limited only by fluid dynamics: (i) boundary shear
viscosity or (ii) superfluid turbulence.

Why does this not occur in neutron stars !
Answer: Fluid motion is damped by electrons.

Aguilera, Cirigliano, Reddy & Sharma (2009)
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Electron Conduction
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Electron-impurity:
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Impurity scattering is important at low temperature.

Flowers & Itoh (1976)



Electron Conduction
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Impurity scattering is important at low temperature.

Flowers & Itoh (1976)



Low energy excitations in the core

Neutrons are superfluid (T<T".): Electrons + 4 Goldstone modes (3
neutron modes and | electron-proton mode). Neutron condensate breaks

baryon number and rotational symmetry. 2 angulons + | superfluid phonon.
(Bedaque, Rupak, Savage, (2003), Bedaque and Reddy (201 3), Bedaque, Nicholson (201 3))

Neutrons are normal (T>T"): Electrons, neutrons + | Goldstone boson
(electron-proton mode).

2
Yp

5(515)2

Oo€ Pl e + -+

1 = 1
Lot = 5(000)° = 31(0:)” + 5(90)” -
Superfluid Phonons: 1
+ vr21p 80¢ 80‘5 T f
ep

Bedaque and Reddy (2013),



Mixing and Damping of Goldstone Bosons

angulon photon
------ Q= AN+ e
magnetic moment

n P
mixed mixed
angulon-photon superfluid phonon
mode mode
e e

Modes decay rapidly due to the coupling to the large density of
electron-hole states. Do not contribute to transport.

Bedaque and Reddy (2013),



Electron Scattering in the Core

Superconducting protons:

Both electric and magnetic photon exchange is
screened. Debye and Meissner screening are strong.
Large suppression in scattering rates.

Normal protons:

Magnetic interaction (current-current) is dynamically
screened due to Landau damping. This screening is
weak. Scattering weakly suppressed.

Pethick and Heiselberg (1993), Shternin and Yakovlev (2006,2007)

2
TV T - T
q* + 1I; q° — w? + 11

‘M12|2 X

A
Ty (w, q) = Qe K, (477 q” 9 %)



Electron-Neutron Scattering

Induced interaction is strong due to a
strong neutron-proton interaction. Much
larger than the magnetic moment

Interaction.

Lo_n=—Vira Vy, nyun H‘I’)WA,,

ﬁe—n — _6’706 Z/{enp(wa Q) ﬁ%”

—4ma Conp (W, q)

Z/{enp (wv Q) —

Cenp (W q) =

Xp(w, q) = Re Hzg(w,q) = Re /dt eiwt/dr e~ (ny(r,t)n,(0,0))

Q> + ¢4

VHP (Q)Xp (wv Q)

n

Bertoni, Rrapaj and Reddy (2014)

1.5

L Model A n = ng
| —— Model B




Shear Viscosity in the Core

When neutrons are normal and protons are superconducting electron-
neutron scattering dominates

4
k Fe

Tlen = <>\en>77

1572

Nref / Nen




Summary

Thermal relaxation in neutron stars is sensitive to the low
temperature properties of the crust.

Thermal and transport properties of the inner crust
(super-solid) can be calculated in terms of a few low-
energy constants (LEC) of a effective theory for phonons
and electrons.

Goldstone bosons in the crust and the core can decay into
electron-hole states - this limits their contribution to
transport.

The induced interaction between electrons and neutrons
is relevant in the neutron star core.



Unraveling thermal relaxation

e[Late time signal is

sensitive to inner crust 1o |

thermal and transport
properties.
*Impurity parameter

8

can be fixed at earlier ‘<o

. Shternin & Yakovlev (2007)
CIMES.  &srown & Cumming (2009)

*Variations in the
pairing gap (changes the

fraction of normal 20 L

neutrons) are
discernible !

Page & Reddy (2012)
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Unraveling thermal relaxation
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Page & Reddy (2012)
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Field theoretic analysis

Partition function in collective variables:

2145 AL 9] = / A9, )[d et A A / [dg)[dg* et A oo

Effective Action and Lagrange Density:
SeffMafa:AZaAﬁaguu] — /d4x\/jg[£0(8ugb,@Lza,Az,Aﬁ,gW)

+ L1(Dy8,b, Dy8, 2%, DA ) + } .
Partition function at constant external fields:

—_ J— . . _n _p — _. — . Qa _n _p —
Z[AZ,A,{)L,QMV] _ GZW[AWAM’QW] — e iVTQn, pp,Guv] G’LVTﬁo(O,(SWAWAwQW)

X = gMVDu¢DV¢

1 a 14 a
=Crly+my) W = g D0,
HY® = g™ 8Mza’6,,zb

_Q[:unmupag,uv] — f(X — X(), We = O,Hab — gab) +



“Thermodynamic Lagrangian” £o(Xo) = P(y/ A, 4" —m,)

P(v/Xo — My = i)

o = =gt + ot ()

Ui (2) = U, (2) = exp(—ifn(2)) Un(z)

9 () = g (@) = g7 () L 0T A @) o A7) = A(w) - 5,7 ().

8xp 0x°

e’iW[AZ;Aﬁygy,v] — /[dan] [d\j[jp]eis[\;[jn’\ij’AZ’Afb’g/““/]

n °
— Z[A,LH Azzjv g,LLI/] 3
eZW[AZJTIMV] — 6i8€ff|¢O:O+W1—loop+“'

€

, . 528,
W1 _100p — /[dg&]GZ(% fd4gcd4g;/90(£6)90(:c’) 5¢(m)5¢f(fw

WA"] = / 042 Logr (Do [A™)), s ) + Wi—toop(A7) + .

oo+

= /d4x {Eo (Xo) + L2 A7+ £4[AZ]} + Wi 100p (A7) + ...

WA = / T Lo( AT AP ™) = VT Lo( AT A" ™)

Mon + 80¢ (0:9)
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